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Abstract

Introduction: The GLP-I receptor plays an important role in glucose homeostasis and thus
is a very important target for diabetes therapy. The receptor is also overexpressed in insu-
linoma, a tumor of pancreatic beta-cells. We previously evaluated two fluorine-18-labeled
analogs of exendin-4 prepared by conjugation with ['F]JFBEM (N-[2-(4-['®F]fluorobenzamide)
ethyllmaleimide). Both compounds demonstrated good tumor uptake, but the synthesis of
the radiotracers was time consuming. To overcome this challenge, we developed a NOTA
analog and performed radiolabeling using aluminum ['®F]fluoride complexation.

Methods: Cys*-exendin-4 was conjugated with NOTA mono N-ethylmaleimide. ['®F]AIF
conjugation was conducted and the radiolabeled product purified by preparative HPLC.
Dynamic and static PET imaging scans were conducted on nude mice with established INS-1|
xenografts. Uptake of tumor and other major organs in static images was quantitated (%ID/g)
and comparison with blocking studies was made. PET quantification was also compared with
ex vivo biodistribution results.

Results: The radiosynthesis provided ['®FJAIF-NOTA-MAL-cys*“-exendin-4 in 23.6 + 2.4 %
radiochemical yield (uncorrected, n = 3) after HPLC; the process required about 55 min. The
specific activity at time of injection ranged from 19.6 to 31.4 GBq (0.53-0.85 Ci)/pmol. Tumor
uptake had reached its maximum (16.09 + 1.18% ID/g, n = 4) by 5 min and remained nearly
constant for the duration of the study. Kidney uptake continued to increase throughout the
entire one hour time course. Pre-injection of exendin-4 caused a marked reduction in tissue
uptake with the major exception of liver and kidneys, in which uptake was not affected. HPLC
analysis of the radioactive components in extracts of the tumor and plasma showed primarily
parent compound at 60 min post-injection, whereas extracts of kidney and urine contained
exclusively one polar radioactive component.

Conclusion: The radiotracer is prepared in a simple one-step procedure and obtained in high
specific activity after HPLC purification. ['®FJAIF-NOTA-MAL-exendin-4 shows high tumor
uptake and highly selective GLP-1 tissue uptake (INS-1 tumor, lung, pancreas), but still suffers
from high kidney uptake.
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Introduction

The development of radiotracers for use in posi-
tron emission tomography (PET) requires considera-
tion of biological and chemical issues [1]. In the first
place, the tracer must image a target of relevance to
human disease either as a research tool to better un-
derstand the disease or as a clinical tool to benefit
individual patients. The radiotracer must exhibit spe-
cific binding to the desired target, an appropriate
signal to noise ratio to allow visualization of desired
target over background, pharmacokinetics appropri-
ate for the biological system and the incorporated
radionuclide, and metabolic kinetics and clearance
that do not interfere with image interpretation. In
addition, the radiotracer must be synthesized using a
chemical procedure that is robust and easily trans-
ferable to other facilities.

We have been interested in the development of a
peptide based imaging agent for GLP-1R (gluca-
gon-like peptide type 1 receptor). Endogenously
produced GLP-1 interacts with GLP-1R to cause the
production of insulin in response to ingestion of food
[2]. GLP-1R is present in the beta-cells of the pancreas
[3] and in insulinoma (a neuroendocrine tumor of the
pancreas) [4]. GLP-1R is also expressed in injured
myocardium and has become a therapy target in car-
diovascular disease [5]. Insulinoma is relatively rare
and the tumor is generally quite small when the
symptoms appear. Typical clinical imaging scans us-
ing CT, echography, or MRI are usually unable to
detect the tumors [6]. An imaging agent appropriate
for the GLP-1R system would be useful in assisting
with diagnosis of insulinoma and potentially in the
study of diabetes.

GLP-1 is a very unstable peptide, presumably by
evolutionary design, such that the signal from binding
of a radioligand to GLP-1 could be rapidly turned off
by enzymatic degradation of the peptide [7]. We be-
gan our studies using a synthetic peptide (EM3106B)
that contains two internal lactams designed to in-
crease the stability of the peptide [8]. EM3106B con-
tains a single terminal cysteine residue to allow radi-
olabeling with the prosthetic reagent [FJFBEM
(N-[2-(4-['®F]fluorobenzamido)ethyl]
maleimide) [9]. This radiolabeled peptide showed
excellent tumor uptake in an insulinoma xenograft
model [10].

We next investigated exendin-4, a 39 amino acid
residue linear peptide discovered in the saliva of a
lizard, as the backbone for a GLP-1 tracer [11] because
we considered the synthesis of derivatives of
EM3106B as more challenging. Exendin-4 has been
utilized by others as a scaffold for imaging insulinoma

and for tumor therapy with radiometals [12-14]. Ex-
endin-4 is used therapeutically in diabetes because of
its reasonable biological half-life and high efficacy
after subcutaneous injection. We synthesized analogs
containing cysteine at either the C-terminus or
N-terminus. The C-terminal analog, ['8F]FBEM-cys*-
exendin-4 showed high tumor uptake and high tumor
to background radioactivity ratio for all tissues except
kidneys [15]. Kidney uptake did diminish over the
course of two hours in the mouse xenograft model,
however some abdominal uptake was observed. This
abdominal uptake could limit the ability to visualize
insulinoma in the area of the pancreas. ['®F]FBEM-
cyst-exendin-4 also showed specific binding to
GLP-1R in a cardiac model of ischemia/reperfusion
injury [16].

Despite  the  encouraging  results  for
['®F]FBEM-cys*)-exendin-4, we believe that further
improvements can still be achieved. Our inability to
define the abdominal structures with low uptake may
compromise the usefulness for pancreatic imaging.
However, the tedious radiosynthesis of the ['8SF]FBEM
prosthetic group was perceived as the bigger im-
pediment to more widespread use of the tracer. In this
study, we developed an exendin-4 analog, which can
be radiolabeled using complexation with aluminum
[18F]fluoride [17], and evaluated its properties in a
mouse xenograft model of insulinoma.

Methods

General: High performance liquid chromatog-
raphy (HPLC,) semi-preparative and analytical, was
performed on Vydac C-18 columns (Grace Davison
Discovery Sciences, Deerfield, IL, USA) with gradient
elution of mixtures of solvent A (0.1% TFA in water)
and solvent B (0.1% TFA in CHs;CN). HPLC-MS was
performed on a Waters Qtof time-of-flight mass spec-
trometer coupled with a Waters Acquity UPLC sys-
tem (Waters, Inc, Milford, MA). UPLC separation uti-
lized a Acquity BEH Shield RP18 column (150 mm x
2.1 mm, Waters, Milford, MA, USA) with eluent A
(5% CH3CN, 0.1% formic acid, and 2 mM ammonium
formate in water) and eluent B (5% water, 0.1% formic
acid, and 2 mM ammounium formate in CH3CN. The
flow was 0.35 mL/min and a linear gradient began at
100% A to 60 % A at 5 min and then held at 60% A for
5 min.

Synthesis of NOTA-MAL-exendin-4 analogs.

Cys*-exendin-4 and cys’-exendin-4 were syn-
thesized by C.S. Bio (Menlo Park, CA). The exendin-4
sequence for the cys#0 analog is
His-Gly-Glu-Gly-Thr-Phe-Thr-Ser-Asp-Leu-Ser-Lys-
Gly-Met-Glu-Glu-Glu-Ala-Val-Arg-Leu-Phe-1le-Glu-
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Trp-Leu-Lys-Asn-Gly-Gly-Pro-Ser-Ser-Gly-Ala-Pro-
Pro-Pro-Ser-Cys-NH,. Reactions to add the NOTA
group to either isomer were conducted on a few mil-
ligram scale using the same procedure. To a vial
charged with cys#l-exendin-4 (6.77 mg, 1.57 pmol) was
added a solution of (216 mg, 3.2 pmol)
NOTA-maleimide mono TFA, mono hexafluoro-
phosphate salt (Chematech, Dijon, France) in 200 uL
CH3CN. Then, 1.3 mL of degassed 0.1% sodium
ascorbate in phosphate buffered saline (PBS) was
added and the mixture allowed to stand at room
temperature for 2 - 3 h. The mixture was treated with
0.1% TFA (200 pL) and subjected to semi-preparative
HPLC in two portions. The conditions were: column
Vydac C-18 (#218TP510, 10 mm x 250 mm), flow rate 5
mL/min; elution was 5 min isocratic at 25% B, then a
gradient from 25% B to 55% B at 30 min, to 65% at 35
min. The product eluting at about 17 min was col-
lected, combined with subsequent purification runs
and  lyophilized.  Yield of recovered of
NOTA-MAL-cys*-exendin-4 was 6.56 mg (1.39 umol,
88.6%). For the cys’-isomer, from 3.44 mg precursor
was obtained 3.4 mg NOTA-MAL-cys’-exendin-4
(92%). Yields are based on the mass spectral deter-
mined molecular weight and assume no counter ions
are present. HPLC-MS (described above) calculated
Ca05H314N5606852: 4712.2. Found (cys’-isomer); de-
convolution 4714, MS/MS fragments 396, 299, 202
consistent with C-terminal fragmentations. Found
(cys*® isomer); deconvolution 4714, MS/MS 924, 730
consistent with C-terminal fragments containing the
NOTA substructure.

Radiochemical synthesis of ['8F]JAIF-NOTA-
MAL-cys*-exendin-4.

A 2 mL centrifuge tube was charged with 3 uL of
a solution of aluminum chloride (2 mM) in 0.5 M
NaOAc (pH = 4). Cyclotron target water containing
[*®F]fluoride (up to 40 pL containing up to 1110 MBq)
was added, followed by the substrate (70 pg) in 40 pL
of 0.5 M sodium acetate buffer (pH = 4), and 200 pL
CH;CN. The resulting solution was heated at ~ 90 °C
for 10 min. The reaction mixture was then cooled,
diluted with 200 uL 0.1% TFA and injected onto a
semi-preparative Vydac HPLC column (as described
above). The elution conditions began with a 5 min
isocratic period at 25 % A followed by a linear gradi-
ent over 30 min to 55% A at a flow rate of 5 mL/min.
The radioactivity peak eluting at ~17 min was col-
lected. The radiochemical yield was calculated at this
point, 35 min from start of the reaction. The product
was isolated from the eluate using C-18 solid phase
extraction (SPE) and the product subsequently
re-eluted with 20% aqueous ethanol containing 10

mM HCI. This eluate was treated with 100 pL of 0.1 M
NaOAc (pH = 4) and concentrated to about 200 pL
total volume under a stream of argon. This sample
was diluted with PBS for animal injections. The
product isolation and formulation required about 20
min.

Quality control of ['8F]JAIF-NOTA-MAL-cys*-
exendin-4.

A sample of the eluate from SPE was analyzed
by analytical HPLC (Vydac C-18 (#218TP54), 4.6 mm
x 250 mm, 1 mL/min). The eluent employed three
components: A) water; B) CH3CN; C) 1% TFA (129
mM) and 1 mM tetrasodium EDTA in water (unad-
justed pH measured 0.9). Initial conditions-- A-65%,
B-25%, C-10% -- were maintained for 5 min. Subse-
quently a linear gradient from 25% B to 55% B, while
maintaining C at 10%, was run over 20 min. UV ab-
sorbance (210, 230, 250, 280 nm) and radioactivity
(Flow-count detector, Bioscan, Washington, DC) were
monitored. Specific activity was estimated at each of
the wavelengths by comparison with a standard curve
based on FBEM-cys*-exendin-4.

Mass spectral analysis of ['8F]JAIF-NOTA-MAL-
cys‘’-exendin-4.

UPLC-MS analysis of the collected radioactive
product revealed two major mass components. De-
convolution of the peptide spectra suggested the
aluminum complex and aluminum fluoride complex
of NOTA-MAL-cys®-exendin-4 were these major
components.  Aluminum  complex calculated
C205H311A1N56068522 4736.1856; deconvolution 4739.
Aluminum fluoride complex calculated:
Ca05H312A1FN56068S2: 4756.1918; deconvolution: 4758.

Affinity determination in cell binding assays.

The binding affinities of
NOTA-MAL-cys%-exendin-4, FBEM-cys“-exendin-4,
and exendin-4 were assessed via a competitive cell
binding assay using 12I-GLP-1(7-36) (PerkinElmer,
Waltham, MA, USA) as the GLP-1R specific radiolig-
and. Experiments were performed on duplicate sam-
ples of rat INS-1 cells. The best-fit 50% inhibitory
concentrations (ICsp) for the INS-1 cells were calcu-
lated by fitting the data with nonlinear regression
using GraphPad Prism (GraphPad, La Jolla, CA,
USA).

Stability in plasma.

[*®F]AIF-NOTA-MAL-cys*-exendin-4 was mixed
with human plasma (200 pL). A 50 pL aliquot was
removed at 0 min. The remainder was incubated at
37°C and additional aliquots of 50 L. were removed
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at 30 and 60 min. The aliquots were mixed with an
equal volume of CH3CN, the layers were assayed to
determine extraction efficiency, and a portion of the
supernatant was subjected to radio-HPLC analysis,
using same method as described for quality control.
Radioactivity was determined using an on-line radi-
oactivity detector or collection of 1-min fractions fol-
lowed by gamma-counting (Wallach Wizard, Perkin-
Elmer, Waltham, MA).

Cell culture and animal model.

Studies with live animals were conducted in
compliance with the principles and procedures out-
lined in the Guide for the Care and Use of Laboratory
Animals and were approved by the Institutional
Animal Care and Use of the Clinical Center, NIH. Rat
insulinoma INS-1-derived 832/13 cells were grown in
RPMI-1640 medium supplemented with 10% fetal
bovine serum, 100 IU/mL penicillin, and 100 pg/mL
streptomycin (Invitrogen, Grand Island, NY, USA),
and in a humidified atmosphere containing 5% CO- at
37°C. The INS-1 xenograft tumor models were de-
veloped in 5- to 6-week old female athymic nude mice
(Harlan Laboratories, Frederick, MD, USA) by injec-
tion of 5x10° cells into the right shoulder. Tumor
growth was quantitated by measuring perpendicular
axes of the tumor using a caliper. The tumor volume
was estimated from the formula: tumor vol-
ume=ax(b?)/2, where a and b are the tumor length
and width, respectively, in millimeters. The mice un-
derwent a small-animal PET scan when the tumor
volume reached about 200 mm? (3-4 weeks after in-
oculation).

Static PET/CT Scans and Image Analysis.

Scans were conducted on an Inveon micro-
PET/CT scanner (Siemens Medical Solutions, Mal-
vern, PA, USA). [8F]AIF-NOTA-MAL-cys*-exendin-4
(3.44 = 0.26 MBq, containing ~300 pmol peptide, es-
timated from average specific activity) was injected,
via a tail vein under isoflurane anesthesia, into INS-1
tumor bearing mice. The animals underwent a 15-min
CT scan followed by the PET scan using the same
animal bed for image co-registration and ROI quanti-
fication. Each INS-1 tumor-bearing mouse was placed
at the center of the field of view (FOV) focusing on the
tumor location, where the highest detection sensitiv-
ity can be achieved. Static PET images were acquired
at 0.5 h (5 min scan time) and 1 h (10 min scan time)
after injection (p.i.) (n = 6/group). For the GLP-1R
blocking experiment, exendin-4 (100 pg) was injected
10 min prior to injection of
[**F]AIF-NOTA-MAL-cys*-exendin-4 (3.7 MBq) into
INS-1 tumor-bearing mice and 10-min static PET im-

ages were acquired at the 1-h time point (n =
4/group). PET images were reconstructed with 2 it-
erations of 3-dimensional ordered-subsets expectation
maximum (3D OSEM) with 14 subsets, followed by 18
iterations maximum a posteriori (MAP) algorithm
with a smoothing parameter of 0.1.

Dynamic PET data acquisition and time activ-
ity curves.

Sixty-min dynamic PET data acquisitions were
performed following tail-vein injection of ~3.7 MBq of
['®F]AIF-NOTA-MAL-Cys%®-exendin-4 under isoflu-
rane anesthesia in INS-1 tumor-bearing mice. During
the scanning, the body temperature of mice was
maintained by a thermostat-controlled thermal heater.
PET images were reconstructed with 3D OSEM as
described above. Frame rates of dynamic image series
were 10x30 s, 5x60 s, 5x120 s and 10%x240 s. In PET
image analysis, ROIs were drawn manually on indi-
vidual tumor and correlative organs with Inveon Re-
search Workplace (IRW) 3.0. The time-activity curves
were derived by superimposing the ellipsoid volume
of interest (VOI) to the target organs of each time
frame of the entire 60-min dynamic image sequence.
PET/CT fused images were acquired for accurate VOI
quantification. The value of each time point repre-
sents the overall concentration of radioactivity in the
tissue. The radioactivity concentrations (accumula-
tion) within the tumor, muscle, liver, and kidneys
were obtained from mean pixel values within the
multiple ROI volume and then converted to
MBq/mL/min using the calibration factor deter-
mined for the Inveon PET system. These values were
then divided by the administered activity to obtain
(assuming a tissue density of 1 g/mL) an image
ROI-derived percentage injected dose per gram

(%ID/¢g).
Kidney uptake blocking studies.

Immediately before injection of radiolabeled
tracer, a separate group ( n = 4) of anesthetized mice
was injected with 0.1 mL L-polyglutamic acid solution
(Sigma-Aldrich, St. Louis, MO, 3-18 kDa, 80 mg/mL
in saline). Kidney uptake was quantified based on
PET images. This study was conducted with
non-tumor bearing mice.

Biodistribution studies and metabolite anal-
yses.

Immediately after the 1 h static PET imaging for
control and blocking studies, the tumor-bearing mice
were euthanized and dissected. Blood, tumor, major
organs, and tissues were harvested and wet-weighed.
The radioactivity in the tissue was measured with a
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y-counter (Wallach Wizard, PerkinElmer, Waltham,
MA, USA). The results were expressed as percentages
of the injected dose per gram of tissue (%ID/g) for a
group of four animals. For each mouse, the radioac-
tivity of the tissue samples was calibrated against a
known aliquot of the injected radiotracer. Values are
expressed as mean * SD. A subset of the collected
tissues (tumor, plasma, kidneys, urine) was homoge-
nized and extracted with a volume of CH3CN equal to
the weight of the sample. The mixtures were centri-
fuged and the supernatant separated from the pellet.
Supernatants were analyzed by HPLC using on-line
radioactivity detection or via collection of 1 min frac-
tions and subsequent y-counting.

Statistical analysis.

Quantitative data were expressed as mean + SD.
Means were compared using one-way analysis of
variance and Student’s t test. A p value < 0.05 was
considered statistically significant.

Results

Chemistry and radiochemistry.
The NOTA-derivatized precursors were synthe-
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Figure |. Structure of NOTA-MAL-cys#0-exendin-4 peptide.
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ing aqueous ['8F]fluoride directly from the cyclotron
target and a NaOAc buffer at pH 4 containing AICI3
and NOTA-derivatized peptide. The radiochemical
yield after HPLC purification was 23.6 £ 2.4 % (n =3,
uncorrected). The specific activity ranged from 15.9 to
31.4 GBq/pumol at time of measurement (prior to an-
imal studies). The HPLC purification did not separate
the radiochemical product from non-fluorinated
complex or from non-complexed NOTA-MAL-cys#-
exendin-4. The only identifiable components by
LC-MS were the AI-NOTA-MAL-cys#-exendin-4
complex (FW 4739) and the AIF-NOTA-MAL-cys*-
exendin-4 complex (FW 4758).

O>\(j

“NH N
OH

HJ\ - M
? ‘CH N HNN?
j\N/\/t\)/ Cgi(w HN_}—N(]

NH o
NH o] NH;
NH
NH [o]
HN‘
0,

NH O
N
NH

JNH,
HN

[o]

http://www.thno.org



Theranostics 2012, 2(10) 1004
1001: — exendin-4
90- — FBEM-exendin-4
¥ — NOTA-exendin-4
80 - Figure 2. Affinity to INS-1 cells expressing GLP-1 receptor. Com-
g titive binding study used [!25]JGLP-1 to provide comparison to the
£ nf/—3] peti g study P P
£ 1 various exendin-4 analogs.
2 607 i
1S = L
g 501 ¢
X 40 tracer was very fast and the majority of activity was
E taken up by kidneys. Uptake in the kidneys continued
o\on 301 to increase throughout the course of the experiment.
207 Quantification of PET images at the 1 h time point
104 showed favorable tumor-to-muscle (175.8 + 26.4) and
0 . . . . : 3 . tumor-to-liver (31.5 % 6.7) radioactivity ratios. Biodis-
13 12 -11 10 9 8 7 6 tribution study by tissue dissection provided similar

Log [M]

Preliminary biological analyses.

Cell binding studies were performed to confirm
the retention of binding affinity (figure 2). Affinities
were determined by competition with ['ZI]JGLP-1. The
affinities (ICsp) for exendin-4, FBEM-cys*-exendin-4,
and NOTA-cys*-exendin-4 were 0.98, 1.10, and 2.84
nM, respectively. [**F]AIF-NOTA-MAL-cys*0-
exendin-4 proved to be stable in human plasma at
37°C for up to one hour (data not shown).

PET Imaging of Insulinoma INS-1 Xenograft
Model.

Representative coronal PET/CT image at 60 min
and PET images at both 30 min and 60 min are shown
in figure 3A. The receptor specificity of the tracer ac-
cumulation was confirmed by a blocking study, in
which 100 pg exendin-4 was pre-injected. The PET
images showed high tumor uptake into INS-1 insu-
linoma xenografts of 15.7 £ 1.4 % ID/g at 30 min and
14.6 + 1.3 % ID/g at 60 min (figure 3B). Following a
blocking  dose, the  tumor  uptake  of
[®F]AIF-NOTA-MAL-cys®-exendin-4 was signifi-
cantly lower (p < 0.01) than that of unblocked tumors
at both time points tested (0.51 £ 0.05 %ID/g at 30 min
and 0.20 = 0.02 %ID/g at 60 min p.i.). Radioactivity
accumulation in the kidneys was extremely high. The
results of the ex vivo biodistribution study of
Al['8F]F-NOTA-MAL-cys®-exendin-4 are shown in
figure 3C. These results were consistent with PET
imaging data and tumor uptake was 17.9 +1.4 %ID/g.
In blocking study, the tumor uptake was decreased to
0.18 £ 0.02 %ID/g. Uptake was also significantly in-
hibited in the lung, pancreas, and stomach. No uptake
inhibition occurred in the kidneys.

Dynamic PET scanning showed the relative rates
of uptake in various tissues (figure 4A). Tumor uptake
reached a plateau by about 5 min. All other major
tissues, except for the kidneys, peaked early and then
cleared over one hour. The blood clearance of the

tumor-to-muscle and tumor-to-liver radioactivity ra-
tios of 286.2 + 33.3 and 45.8 + 7.2, respectively (figure
4B).

Metabolites.

Extracts of plasma, tumor, kidneys, and urine,
harvested at 1 h post-injection were analyzed for ra-
diochemical components by radio-HPLC (figure 5).
Extraction efficiencies were 78.3%, 71.9%, and 60.4%
from plasma, tumor, and kidneys, respectively.
Plasma and tumor contained a significant proportion
of parent peptide, 74% and 64%, respectively; the re-
mainder being a single polar radioactive metabolite
peak. These percentages may be an overestimation of
parent content if the extraction efficiency of the polar
component was lower than the parent. Kidney ex-
tracts and urine extracts contained only polar metab-
olite. Kidney uptake, determined by analysis of PET
images, following injection of ["F]AIF-NOTA-
MAL-cys*-exendin-4, showed values of 79.25 + 3.67
%ID/g and 74.68 + 6.20 %ID/g at 30 min and 60 min,
respectively. Co-injection of polyglutamic acid solu-
tion, in an effort to reduce kidney uptake [14], re-
sulted in 25% inhibition. The uptake values, following
blocking, were 58.44 + 4.07 %ID/g (p = 0.00086) and
58.03 £ 2.59 %ID/g (p = 0.0078) at 30 min and 60 min
p.i., respectively (figure 6).

Kidney extracts were analyzed by LC-MS and
compared with extracts from control kidney harvest-
ed from an animal that had not been injected with the
radiotracer. Unfortunately, extracts from the control
kidney gave variable background results. Thus, we
were unable to define or identify any metabolic
component that co-eluted with the radioactivity.
However, it did lead us to examine the kidney uptake
of [8F]AIF-NOTA-MAL-cys’-exendin-4 in non-tumor
bearing mice. This isomer has the NOTA attached at
the N-terminus of the peptide.
[*8F]AIF-NOTA-cys’-exendin-4 also showed high and
sustained kidney uptake of 58.5 + 5.86 and 62.5 £ 13.1
%ID/g at 30 and 60 min p.i., respectively.
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Figure 3. A) Representative PET images of ['8FJAIF-NOTA-MAL-cys40-exendin-4 in INS-1 xenografted mice at 30 and 60 min p.i.. Tumor
uptake is completely blocked by co-administration of a blocking dose of exendin-4. B) Quantification of uptake by selected tissues de-
termined by ROls following injection of [!8FJAIF-NOTA-MAL-cys#-exendin-4 or co-injection of blocking agent (exendin-4) into INS-I
tumor-bearing mice at 30 and 60 min p.i.. C) Experiment of B at 60 min with analysis by tissue dissection and gamma counting.
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Figure 4. A) Tissue time-activity curves generated from dynamic imaging studies following injection of
['8FJAIF-NOTA-MAL-cys*0-exendin-4. B) Tumor-to-tissue activity ratios at 60 min p.i. T/M - tumor to muscle; T/L - tumor to liver; T/K -

tumor to kidney; T/B - tumor to blood.
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Figure 5. Radiochromatograms of tissue extracts harvested at 60 min.
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Figure 6. Reduction of kidney uptake observed 30 and 60 min p.i. upon co-injection of 8 mg polyglutamic acid with

['8F]JAIF-NOTA-MAL-cys#0-exendin-4.

Discussion

Metal chelation chemistry has been utilized ex-
tensively for radiolabeling purposes, both for diag-
nostic and therapeutic applications. #mTc and "In are
widely used in single photon emission computed to-
mography (SPECT) realm [18]. The use of rapid che-
lation for PET radiochemicals has become more
common with the availability of ®#Cu [19], ¥Ga [20],
87r [21], and the recently introduced aluminum
[*®F]fluoride complex with NOTA [17, 22].

GLP-1 analogs have been radiolabeled with 11In
[12-14] and %Ga [14, 23]. These compounds are effec-
tive for imaging insulinoma and may have utility for
pancreatic beta-cell imaging, but do suffer from high
kidney uptake. The In labeled derivatives may also

be applied therapeutically with the caveat that high
kidney doses may cause unwanted side effects [13]. In
a previous study, we developed two classes of
GLP-1R binding peptides and incorporated a single
cysteine residue, which allowed application of our
cysteine specific, fluorine-18 radiolabeled maleimide
[15, 24]. The best of the three analogs we prepared,
['*F]FBEM-cys*)-exendin-4, showed excellent uptake
into INS-1 tumor xenografts [15]. Uptake in the kid-
neys was also high, but significant clearance from the
kidneys was observed over the 2-h imaging studies.
The clearance from the kidneys was much greater
than clearance from the INS-1 xenograft.
[*®F]AIF-NOTA-MAL-cys*-exendin-4 was found
to exhibit biological properties similar to those of our
previous exendin-4 analogs. The binding affinity to
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INS-1 cells was about 2.5 times lower, but the ICsy was
still a respectable 2.84 nM. Uptake into INS-1 xeno-
grafts following intravenous injection represented
specific binding as the uptake could be blocked by
co-injection of 100 pg of exendin-4. The tracer rapidly
cleared from background tissues with the exception of
the kidneys.

Human dosimetry calculations will be required
to determine whether kidney uptake will adversely
impact the potential utility of this radiotracer. How-
ever, the high kidney uptake, exhibited by this analog,
was much lower than that reported in the literature
for %Ga and "In analogs [25]. Kidney uptake of
Mn-DTPA-exendin-4 C-terminal analog was 208
%ID/g at 4 h p.i. and decreased to 104 %ID/g by 24 h
[12]. Similarly, the ¥¥Ga-DOTA C-terminal analog of
exendin-3 showed 120 %ID/g at 60 min p.. [23].
These authors also showed that the "'In-DOTA ver-
sion had similar kidney uptake. The lowest kidney
uptake reported to date was for our
[\ F]JFBEM-cys#0-exendin-4, which showed kidney
uptake of 13.2 and 4.2 %ID/g at 60 and 120 min p.i.,
respectively [15].

In a previous report by Wild et al. [14], kidney
uptake could be reduced by 49% by immediate
pre-injection with polyglutamic acid. We were able to
realize a 25% inhibition of kidney uptake upon
co-injection of polyglutamic acid following the liter-
ature protocol. Based on the specific activity of our
preparation, the mass dose of exendin-4 peptide was
approximately 300 pmol or 20 times more mass than
that used by Wild et al. [14].

In our studies, kidney extract showed a single
very polar radioactive metabolite and no parent pep-
tide was detected. We made an attempt to the identity
of the trapped chemical entity by comparing
HPLC-MS traces of kidney extract from an animal that
had received [®F]JAIF-NOTA-MAL-cys*-exendin-4
with that from an animal that had not been injected.
We were not able to identify any metabolic species in
these extracts.

Still operating on the hypothesis that the high
kidney uptake was due to a highly retained metabo-
lite, we prepared the isomeric [8FJAIF-NOTA-
MAL-cysP-exendin-4. This isomer should not yield
any identical radiolabeled peptide fragments. The
kidney uptake for this isomer was still very high, but
only 60 %ID/g at 1 hour. We cannot state whether this
slightly lower uptake was due to less kidney uptake
initially or to faster clearance into the urine.

Thus, the metabolic species contributing to high
kidney uptake remains unidentified. Since we are able
to extract parent compound from tumor and plasma,
the kidney uptake is not caused by uptake of parent

compound. The general observation that exendin-4
peptides containing a C-terminal chelated radiometal
show very high uptake suggests that some metabolite
from the C-terminal end is responsible for this very
slow egress from the kidneys.

The driving force for the development of this
NOTA-maleimide analog of cys*-exendin-4 was the
ease of radiochemical synthesis. The multidentate
chelator NOTA allows radiolabeling with posi-
tron-emitting radionuclides %Ga, Cu, and ['8F]AIF
using rapid synthetic reactions [20, 26]. %Ga, a gener-
ator produced radionuclide, is becoming much more
readily available. Chelation reactions with NOTA are
generally fast and efficient. However, the 68-min
half-life may limit some applications to human im-
aging.

64Cu, with its 12.8 h half-life and low proportion
of positron-emission (17.4 %), has generated much
interest due to facile chelation chemistry and utility
for imaging kinetically slower processes. Copper ra-
diolabeled compounds tend to exhibit high liver up-
take presumably as a result of transchelation of the
copper radionuclide [19], [27]. Intensive studies to
prepare new chelators with higher kinetic stability
have resulted in improvements, but the problem is not
completely solved [19], [28]. The transchelation, cou-
pled with the large number of radioactive decay
emissions, compromises signal to background and
may result in unacceptable radiation dose to patients.

['8F]Fluoride is readily available from cyclotron
production and can be obtained from commercial
cyclotron facilities. This radionuclide has appropriate
positron emission energy (633 keV) and positron
abundance (97%). Complexation with [®F]JAIF is a
simple procedure. For typical syntheses, aqueous
fluoride was added to the precursor at pH 4 and the
mixture heated for 10 min. Purifications were typi-
cally conducted with solid-phase-extraction (SPE).
However, NOTA-MAL-cys#*-exendin-4 is not a typi-
cal peptide. The radiolabeling conditions resulted in a
number of radiolabeled side products, which required
HPLC purification in order to achieve high radio-
chemical purity. In our previous studies with
['8F]JFBEM-exendin-4, presumed oxidation of the me-
thionine caused degradation of the final product
during concentration [15]. In the course of this work,
we determined that stability of the product was en-
hanced by conducting the final concentration step in
the presence of a pH 4 buffer; very little sulfur oxida-
tion impurity was observed.

The radiochemical yield was sensitive to the
quantity of target water and to the amount of sub-
strate used. We did not attempt to increase the con-
centration of [8F]fluoride using trap and release
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methods. Because we cannot chromatographically
separate unconsumed starting material or fluorinated
from non-fluorinated complex, the quantity of sub-
strate used dictated the ultimate specific activity.

Our procedure for preparation of FBEM-cys*-
exendin-4 required the synthesis of [8F]JFBEM via an
automated synthesis device followed by the coupling
reaction and HPLC purification. ['8F]JFBEM was pre-
pared in less than 20% yield (uncorrected) in ap-
proximately 100 min. Coupling to peptide and puri-
fication was achieved in less than 35% yield (uncor-
rected) and consumed almost another 60 min prior to
delivery for animal studies. Thus, the overall uncor-
rected yield from ['8F]fluoride was about 5% and re-
quired over 2.5 h. On the contrary, the [*8F]AIF com-
plexation reaction described in this manuscript re-
quired about 35 min from start of synthesis to isolated
HPLC fraction. An additional 20 min was required for
isolation and concentration for small animal studies.
The uncorrected radiochemical yield was approxi-
mately 23%. This procedure had a significant reduc-
tion in time required for the synthesis and an im-
proved uncorrected radiochemical yield.

Conclusions

['8F]AIF-NOTA-MAL-Cys*-exendin-4 displayed
similar  biological =~ properties compared to
[®F][FBEM-cys*-exendin-4, with the exception of
much higher kidney uptake. Receptor affinity for
GLP-1R and uptake into INS-1 xenograft tumors were
very similar. The attractiveness of this radioligand for
further evaluation stems from its biological properties
and its relative ease of radiochemical synthesis com-
pared to other fluorine-18 ligands for GLP-1R.
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